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A new phenomenon of enhancing the relativistic transparency of overdense plasmas by the influence of hot-
electron refluxing has been found via particle-in-cell simulations. When a p-polarized laser pulse, with in-
tensity below the self-induced-transparency(SIT) threshold, obliquely irradiates a thin overdense plasma, the
initially opaque plasma would become transparent after a time interval which linearly relies on the thickness
of the plasma. This phenomenon can be interpreted by the influence of hot-electron refluxing. As the laser
intensity is higher than the SIT threshold, the penetration velocity of the laser in the plasma is enhanced when
the refluxing is presented. Simulation data with ion motion considered is also consistent with the assumption
that hot-electron refluxing enhances transparency. These results have potential applications in laser shaping.
I. INTRODUCTION
Propagation of intense lasers in an overdense plasma
have attracted a lot of attention due to its poten-
tial applications in the fast ignitor concept for inertial
confinement1, charged-particles acceleration2, laser shap-
ing3, neutron acceleration4 and so on. From the propa-
gation condition ω > ωp , where ω is the laser frequency
and ωp = (4pinee
2/me)
1/2 is the plasma frequency (ne
is the plasma density, e and m are the electron charge
and mass, respectively), one can see that two approaches
can be used to lower the effective plasma frequency in
order to make the overdense plasma transparent for the
laser light. One approach is to reduce the plasma den-
sity ne by means such as hole boring
5,6. And another
is to increase the relativistic factor γ of the electrons as
well as the effective mass me = γm0 of the electrons,
such as self induced transparency (SIT)7. These studies
mainly concern the effects of laser-plasma interaction in
the front surface of the target. In this paper, it will be
shown that the hot-electron refluxing would participate
in the surface laser-plasma interaction and have an effect
on the transparency property of overdense plasmas.
When an ultraintense laser pulse irradiates a thin over-
dense plasma, a large number of hot electrons with veloc-
ity near the light speed can be generated. These hot elec-
trons can propagate through the plasma slab and then
return to the front surface of the plasma reflected by
the strong sheath field on the rear surface of the thin
plasma. These returned hot electrons are known as hot-
electron refluxing, or recirculation8,9. The hot-electron
refluxing may play an important role in proton acceler-
ation8 and Kα generation10. Recent experiments have
also showed the importance of the lateral electron recir-
culation in small targets11. However, the influence of the
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hot-electron refluxing on SIT was rarely considered in the
previous studies.
In our work, we report a new phenomenon that hot-
electron refluxing can enhance the self induced trans-
parency of overdense plasmas. Using particle-in-cell
(PIC) simulations, the transition from opacity to trans-
parency in the overdense plasma is shown. The gener-
ation and propagation of the hot-electron refluxing are
carefully investigated, which give a clue of how reflux-
ing enhances transparency. Simulation results consider-
ing higher-intensity laser irradiation and ion motion also
verify the conclusion that the hot-electron refluxing en-
hances transparency. The results are potentially useful
for applications such as laser shaping.
II. TRANSITION FROM OPACITY TO
TRANSPARENCY
The simulations are completed with the 1D3V rel-
ativistic electromagnetic Particle-In-Cell (PIC) code
LPIC++12. In the simulations, the initial electron tem-
perature is set to be zero. There are 200 macroparticles
per cell. Flat-shaped p-polarized laser irradiation of an
initially homogeneous plasma foil with incidence angle
24.62◦ is considered. All the simulation data is obtained
in the boosted frame13, where oblique incidence in labo-
ratory frame is transformed to normal incidence.
In the first simulation, a laser pulse with amplitude
a0 = E0/Er = 5 irradiates a thin plasma with initial
electron density ne = 5nc, where Er = meωc/e and nc =
meω
2/(4pie2). The width L of the plasma is 5λ0(λ0 is
the wave length of the laser light in vacuum), and the
plasma starts from 10.0λ0 to 15.0λ0 in the simulation
box. The ions are fixed. According to the SIT theory,
the laser amplitude is smaller than the SIT threshold
alin ≈ 4ne/(pinc) = 6.4
14, the plasma should be opaque
to the laser. In our simulation (Fig. 1), the laser arrives
at the front surface of the plasma at time ti = 10.0T ,
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FIG. 1. The spacetime distribution of the laser field Ey.
The laser starts to penetrate into the plasma at tp = 25.5T
with a time interval ∆t = 15.5T after the irradiating time
of ti = 10.0T , and the whole plasma becomes transparent at
tc = 50.1T .
5 10 15 20
0
10
20
30
40
50
60
L/λ0
∆t
/T
 
 
Simulation
Fitting:2L/0.93c+4T
FIG. 2. The time interval ∆t between the laser irradiating
time ti and penetrating time tp as a function of the plasma
thickness L.
and is reflected for t < tp = 25.5T . That is to say, the
plasma is opaque for t < tp. However, for t > tp, the
laser begins to penetrate into the plasma, and the whole
plasma becomes transparent for the laser at tc = 50.1T .
To explore the transition of overdense plasma from
opacity to transparency, plasmas with different thick-
nesses are considered. Simulation results indicate that
the time interval defined as ∆t = tp − ti increases lin-
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FIG. 3. The phase-space distribution of the electrons (a)-
(c)) and corresponding velocity distribution (d)-(f) at t =
15.0T , t = 18.9T and t = 25.5T respectively with the same
simulation parameters as Fig. 1 (where the solid lines indicate
the plasma’s location, the dash-dot lines mark |vx| = 0.85c
and the three white arrows show the front position that the
hot electrons arrive at three different time ).
early with the increase of plasma thickness L, as shown
in Fig. 2. The dependence of ∆t on L is fitted as
∆t = 2L/0.93c+ 4T. (1)
Above equation indicates that ∆t is related to something
which travels 2L distance at a velocity of 0.93c. In the
next section, it will be demonstrated that this ”some-
thing” is the hot-electron refluxing.
III. REFLUXING INDUCED TRANSPARENCY
To illustrate that it is the hot-electron refluxing which
induces the initially opaque plasma become transparent,
the kinetics of hot electrons is investigated. With the
incidence of the p-polarized laser, hot electrons are gen-
erated at the plasma surface(x = 10.0λ0) by vacuum
heating15, J × B heating16 and so on. The phase-space
distribution and velocity distribution of the electrons at
3time t = 15.0T , t = 18.9T and t = 25.5T are shown in
Fig. 3.
For t = 15.0T , the phase-space distribution of the elec-
trons indicates that hot electrons with longitudinal veloc-
ity vx > 0.85c are generated and keep moving toward the
rear surface(x = 15.0λ0) of the plasma (Fig. 3(a)). The
corresponding velocity distribution of electrons shows a
peak at vx > 0.85c (Fig. 3(d)). For t = 18.9T , more hot
electrons with vx > 0.85c are generated and the front
of the hot electrons reach the rear surface, as shown in
Fig. 3(b) and (e). According to Ref. 17, 90% of the
hot electrons will be reflected by the sheath field and
form the hot-electron refluxing. For t = 25.5T , the hot-
electron refluxing arrives at the front surface as marked
by the arrow in Fig. 3(c). And the velocity distribu-
tion of electrons Fig. 3(f) has two peaks in vx > 0.85c
and vx < −0.85c respectively. Average velocity of hot
electrons with velocity |vx| > 0.85c is calculated to be
0.93c. Two important results can be obtained from these
figures, firstly, the hot-electron refluxing arrives the front
surface at time t = 25.5T , consistent with the time tp the
laser begins to penetrate into the plasma in Fig. 1; sec-
ondly, the average velocity of the hot electrons is 0.93c,
consistent with the denominator in the first term on the
right of Eq. 1.
As the hot-electron refluxing plays an important role in
laser penetration, the generation and transporting of the
refluxing deserves more attention. Fig. 4 illustrates the
trajectories of 21 electrons which are initially uniformly
distributed in the plasma, and spacetime distribution of
electrostatic field Ex is shown in the same figure. When
the laser irradiates the plasma at ti = 10.0T , the elec-
trons on the plasma front surface are heated and move
toward the rear surface. To balance the charge equilib-
rium, negative-directing return current is generated with
velocity much smaller than the hot electrons18. As the
hot electrons move out of the rear surface, a strong sheath
electrostatic field is induced. The hot electrons are pulled
back by the sheath electrostatic field and a hot-electron
refluxing is formed in a time interval δt = 4.4T after
the arrival of the hot-electron front at the rear surface.
This picture of the generation of hot-electron refluxing is
consistent with the results in Ref. 19 (see FIG. 1 there).
From above analysis, Eq. 1 can be well understood.
0.93c is the average velocity of the hot electrons, 2L is
the distance that the hot electrons travel on a round
trip in the thin plasma, 4T is the average time the hot
electrons lose at the rear surface. These results confirm
the assumption that it is the hot-electron refluxing which
makes the overdense plasma transparent to the laser.
IV. REFLUXING ENHANCES TRANSPARENCY
In the previous sections, the amplitude of the laser
pulse is set to be a0 = 5 and the ions are fixed. In
this section, the results with higher laser intensity are
investigated and the motion of ions is considered.
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FIG. 4. The trajectories of 21 electrons (solid lines) and the
spacetime distribution of electrostatic field Ex.
When the amplitude of the laser pulse is higher than
the SIT threshold alin, the laser can penetrate into the
plasma directly with velocity vd as shown in Fig. 5(a),
where a0 = 8 and the ions are fixed. When the hot-
electron refluxing returns to the laser penetration front,
it enhances the penetration and the laser gains a higher
penetrating velocity ve. When the motion of ions is con-
sidered, same results is obtained, as shown in Fig. 5(b).
Fig. 5(c) shows the expansion of the ions.
The laser penetrating velocities for different a0 with
and without the presence of hot-electron refluxing have
been summarized in Fig. 6. The penetration velocity
enhanced by the hot-electron refluxing has an incre-
ment ve − vd. The hot-electron refluxing current density
jx/neec has also been plotted as a function of laser in-
tensities a0. It is noteworthy that ve− vd seems have the
same trend with jx, which means that the hot-electron
refluxing has direct impact on the transparency of the
plasma. When ion motion is considered, for different a0,
the direct penetration velocity vmd and the hot-electron
refluxing enhanced vme consist well with vd and ve re-
spectively. These results indicate that the hot-electron
refluxing can enhance laser’s propagation in an overdense
plasma.
For a practical application, we consider a laser pulse
with sinusoidally rising and falling profile (In), as shown
in the inset of Fig. 7. The results with different plasma
thickness (L = 5λ0 and L = 10λ0) are shown in Fig. 7.
For L = 5λ0, the penetration of the laser begins to speed
up at time t1 = 41.9T . While for L = 10λ0, this be-
gins at time t2 = 52.8T . The time interval between
t1 and t2 is ∆t1 = t1 − t2 = 10.9T . ∆t1 is consis-
tent with the estimation calculated according to Eq. 1,
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FIG. 5. The laser has two different penetrating velocities for
direct penetration(vd) and refluxing enhanced penetration(ve)
for a0 = 8, ne = 5nc with fixed ions (a), and movable ion
namely with mi/me = 3672 (b). (c) The spacetime distribu-
tion of the ions for the same parameters as (b).
i.e., ∆t1 = 2∆L/0.93c = 10.8T , where ∆L = 5λ0 is
the thickness difference between the two plasmas. As
the inset shown, the transmitted pulse (Tr) has a sharp
front, which may be potentially useful for laser shaping20.
By measuring the reflected and transmitted laser intensi-
ties in experiments21, the hot-electron refluxing enhanced
transparency may be verified by experiments.
V. CONCLUSIONS
In conclusion, using PIC simulations we have shown
that the hot-electron refluxing can enhance relativistic
transparency of overdense plasmas significantly. When a
p-polarized laser with laser intensity lower than the SIT
threshold obliquely irradiates a thin overdense plasma,
the laser cannot propagate through the plasma directly.
But the arrival of the hot-electron refluxing can induce
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FIG. 6. The penetrating velocities for different laser intensi-
ties a0 with and without the presence of hot-electron reflux-
ing, and the current density jx of the hot-electron refluxing as
a function of a0. Solid and open symbols of circle and trian-
gle represent the simulation results for fixed ions and movable
ions(mi/me = 3672) respectively.
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FIG. 7. The spacetime distribution of the laser field Ey
for plasma thickness L = 10λ0 and the trajectories of laser
front for L = 10λ0 and L = 5λ0 respectively. The incident
laser pulse intensity envelope(In) and transmitted pulse(Tr)
for L = 5λ0 are shown in the inset.
the laser’s penetration. When the laser intensity is above
the SIT threshold, the laser can penetrate into the plasma
directly, and the arrival of the hot-electron refluxing en-
hances the penetration velocity of the laser. These results
are verified by the simulations with fixed ions and mov-
able ions(mi/me = 3672) respectively. The hot-electron
refluxing enhanced transparency is also confirmed for a
laser pulse with sinusoidally rising and falling profile for
5a practical application, and the transmitted laser pulse
has a sharp front, which may be potentially useful for
laser shaping.
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